Running Title: TrkB ablation leads to social dominance in mice.
Highlights:
Mice with postnatal, cortico-limbic, GABAergic interneuron ablation of BDNF-TrkB signaling (TrkB cKO) show increased dominance in group-housed cages. Interneuron-specific TrkB ablation results in impaired electrophysiological and morphological maturation of affected interneurons within the medial prefrontal cortex (mPFC), a key region regulating social dominance in adult mice. TrkB ablation from interneurons results in reduced inhibition of excitatory neurons and enhanced spontaneous excitatory synaptic transmission in mPFC layer 5 pyramidal neurons. Optogenetic inhibition of excitatory neurons within the mPFC normalized dominant behavior of TrkB cKO mice.
Summary
The tight balance between synaptic excitation and inhibition (E/I) within neocortical circuits of the mammalian brain is important for complex behavior. Many loss-offunction studies have demonstrated that brain-derived neurotrophic factor (BDNF) and its cognate receptor tropomyosin receptor kinase B (TrkB) are essential for the development of inhibitory GABAergic neurons. However, behavioral consequences of impaired BDNF-TrkB signaling in GABAergic neurons remain unclear, largely due to unwanted motor function deficits in previous animal models. In this study, we generated conditional knockout mice (TrkB cKO) in which TrkB was ablated from a majority of corticolimbic GABAergic interneurons postnatally. These mice showed intact motor coordination and movement, but exhibited enhanced dominance over other mice in a group-housed setting. In addition, immature fast-spiking GABAergic neurons of TrkB cKO mice resulted in the E/I imbalance in layer 5 microcircuits within the mPFC, a key region regulating social dominance. Restoring the E/I imbalance via optogenetic modulation in the mPFC of TrkB cKO mice normalized their social dominance behavior.
Taken together, our results suggest a novel role of BDNF/TrkB signaling in inhibitory synaptic modulation and on social dominance behavior in mice.
Introduction
Brain-derived neurotrophic factor (BDNF) and its cognate receptor, tropomyosin receptor kinase B (TrkB), play a fundamental role in brain development, including neuronal maturation, dendritic remodeling, formation of synaptic contacts, and synaptic plasticity (Horch and Katz, 2002; Marshall, 1995; Park and Poo, 2013) . More importantly, studies have identified that BDNF is indispensable for the long-term survival and maintenance of cortical GABAergic interneurons (Huang et al., 1999; Kohara et al., 2007; Yuan et al., 2015) . For example, in cortical cell cultures, BDNF promotes neurite growth of GABAergic neurons, upregulates GABA synthesis and several calcium-binding proteins that are unique to GABAergic neurons, and regulates the strength of synaptic inhibition (Kohara et al., 2003; Sánchez-Huertas and Rico, 2011; Wardle and Poo, 2003; Yamada et al., 2002) . Furthermore, both genetic reduction of BDNF levels and forebrain-specific knockout of BDNF in mice result in deficits in the morphology and function of cortical GABAergic interneurons (Abidin et al., 2008; Gorski et al., 2003) . However, these previous approaches to study the role of BDNF in inhibitory neurons have confounding effects by affecting the development of glutamatergic neurons and other cell types in the brain. To better address this issue, Zheng et al. selectively deleted TrkB from parvalbumin (PV)-positive interneurons and found that the integration of PV-positive interneurons into the hippocampal microcircuit was impaired and gamma-band rhythmic network activity was disrupted in these mice (Zheng et al., 2011) . However, this mouse model also suffered from severe ataxia and circling behavior, arising from vestibular dysfunction (Lucas et al., 2014) , thereby preventing further analyses on potential cognitive and social behavior changes in these animals.
Here, we have selectively ablated TrkB from a majority of GABAergic interneurons in the cortex and limbic structures (TrkB conditional knockout, otherwise indicated as TrkB cKO) (Belforte et al., 2010) . Unexpectedly, these TrkB cKO mice showed disrupted formation of social hierarchies, a fundamental organizing structure in mammalian groups, and exhibited social dominance over control littermates. PVpositive, fast-spiking (FS) inhibitory neurons in TrkB cKO mice exhibited impaired morphological and functional maturation. In addition, these mice showed a disruption in the excitation and inhibition (E/I) balance within the layer 5 microcircuits of the prelimbic cortex (PrL), an analogous area to dorsolateral prefrontal cortex of primates (Takahashi et al., 2014; Wang et al., 2011; Yizhar et al., 2011) . Rectification of the E/I imbalance in the PrL of TrkB cKO mice via optogenetic inhibition of excitatory neuronal activities normalized their social dominance behavior. Taken together, these results demonstrate a novel role of cortical GABAergic neuronal BDNF/TrkB signaling in social cognition and dominance behavior of mice.
Results

Generation of corticolimbic GABAergic neuron-specific TrkB knockout mice.
To restrict TrkB ablation to corticolimbic GABAergic interneurons, but not to cerebellar interneurons, we utilized a mouse line in which Cre expression was driven by the protein phosphatase 1 regulatory inhibitor subunit 2 (Ppp1r2) gene promoter (Ppp1r2-Cre) as described previously (Belforte et al., 2010) . To validate the distribution of Creexpressing neurons in Ppp1r2-Cre mice, we crossed Ppp1r2-Cre mice with a loxPflanked, Rosa26-tdTomato (RTM F/F ) reporter mouse (Madisen et al., 2009) and observed that Tdtomato-expressing, Cre positive neurons were distributed as previously reported (Belforte et al., 2010) (Figure 1A) , notably in the cortex and hippocampus. We performed immunostaining experiments in the cortex (specifically prelimbic cortex) of 4-month-old mice and found that approximately 95% of tdTomato-positive neurons were positive for GABA ( Figure 1A ) and these neurons made up approximately 44% of all GABA-positive cortical neurons (Supplemental Table 1 ). The majority of the tdTomato-positive neurons were positive for PV immunostaining (>50%), with the remaining 40% of these neurons made up by other types of GABA-expressing interneurons ( Supplemental Table 1 ). Next, Ppp1r2-Cre mice were crossed with a loxP-flanked TrkB mouse line (TrkB F/F ) to restrict TrkB deletion to Cre-targeted GABAergic neurons (He et al., 2004; Li et al., 2012; Luikart et al., 2003) and resulting mice were crossed again with a RTM F/F reporter mouse line ( Figure 1B ). Using fluorescence in-situ hybridization (FISH), we monitored the expression of TrkB mRNA in neurons expressing tdTomato mRNA in control mice (Ppp1r2-Cre::RTM F/F ::TrkB WT/WT ) ( Figure 1C Figure 1G ). An elevated zero maze as well as a light-dark box test (Bourin and Hascoët, 2003; Shepherd et al., 1994) Figure   1H and 1I). Other than anxiety-related behaviors, we did not observe any obvious difference between control (Ctrl) and TrkB cKO mice in other behavioral assays, including spatial working memory (Y-maze), aversive memory (fear conditioning), depressive-like symptoms (tail suspension), sensorimotor gating (pre-pulse inhibition), and social preference (three-chamber sociability) (Supplemental Figure 1J -1O, Supplemental Table 2 ).
TrkB cKO mice display social dominance behavior.
Intriguingly, despite largely normal behavior of TrkB cKO mice, we observed more frequent fighting in cages housed only with TrkB cKO males (data not shown). To test whether TrkB cKO mice showed more inter-male aggression than Ctrl mice, we performed a resident-intruder test to measure aggressive male behaviors (Koolhaas et al., 2013; Miczek et al., 2001; R. J. Nelson and Chiavegatto, 2000) . Briefly, either Ctrl or TrkB cKO male mouse (12-16 weeks old) was singly housed for 2 weeks to establish home cage territoriality and was subsequently challenged for 10 minutes with a wild-type male intruder. Surprisingly, TrkB cKO males did not show enhanced aggression as measured by the attack latency (Ctrl: 286.5 ± 62.87s, TrkB cKO: 287.6 ± 65.02s, p = 0.99) and the total duration of biting attacks (Ctrl: 94.79 ± 25.41s, TrkB cKO: 63.46 ± 25.01s, p = 0.39)( Figure 1D and 1E ).
If not territorial aggression, what did mediate increased fighting incidents among TrkB cKO males? Group-housed, male mice tend to fight for social dominance and status within cages (van den Berg et al., 2015; Van Loo et al., 2001) . Therefore, we hypothesized that increased fighting could be the result of elevated social dominance in TrkB cKO mice. To test this, we performed the tube test, a paradigm to observe and quantify social dominance in laboratory rodents (Lindzey et al., 1961; van den Berg et al., 2015) ( Figure 1G ). In this test, after training to walk through a narrow tube, two mice are placed into opposing ends of a tube. After a brief interaction period in the middle of the tube, the mouse that consistently forces the opponent to retreat is scored as the more dominant of the pair ( Figure 1G ) (Lindzey et al., 1961) . We group-housed one TrkB cKO mouse with three other Ctrl mice (12-16 weeks old) for 2 weeks and performed the tubetest in a pair-wise fashion using a round-robin design to determine the rank order (van den Berg et al., 2015; Wang et al., 2011) . After six test sessions over two weeks, we ranked the four mice in a group with rank #1 being the most dominant and rank #4 being the least dominant ( Figure 1H ). In support for our hypothesis, we observed that TrkB cKO mice were more dominant in group-housed cages, with the majority ranking either the 1 st or 2 nd ( Figure 1H ). The rank distribution for TrkB cKO mice differed significantly from a hypothetical distribution where mice were equally distributed on social rank (Median rank of TrkB cKO = 1.0, hypothetical median rank = 2.5, Wilcoxon signed ranks-test, p = 0.020) (Supplemental Table 2 ). In contrast, when we performed the tube-test with single-housed TrkB cKO mice and single-housed Ctrl mice, we could not observe any difference in the win-loss ratios between two groups ( Figure 1J ). As an alternative test for social dominance, we performed an agonistic behavior assay (Wang et al., 2011) . When group-housed mice are placed in a new environment, the dominant male often exhibits agonistic aggression towards cage mates, presumably to claim a new territory (Wang et al., 2011) . We pair-housed one TrkB cKO and one Ctrl mouse for two weeks and switched their home cage with a new one ( Figure 1K ). Out of 28 pairs, TrkB cKO mice were approximately twice as likely to be the more dominant aggressor ( Figure   1K ) and their total attack duration was also higher (Ctrl: 14.57 ± 5.08 s, TrkB cKO: 36.37 ± 8.42 s, p = 0.031) ( Figure 1L ). Taken together, our results suggest that TrkB cKO mice display augmented social dominance behavior.
Interneuron immaturity and altered network excitatory synaptic activity in the layer 5 neurons within prelimbic cortex of TrkB cKO mice.
Studies have shown that social dominance behavior is mediated by microcircuits within the medial prefrontal cortex (mPFC), which corresponds to the anterior cingulate cortex (ACC), prelimbic (PrL), and infralimbic (IL) areas in rodents (Freeman et al., 2009; Fujii et al., 2009; Holson, 1986; Zink et al., 2008) . In particular, the PrL area in mice is specifically activated upon social contact (Avale et al., 2011) , and selective manipulation of excitatory synaptic transmission within the PrL can alter social dominance hierarchy formation (Wang et al., 2011) . First, we measured the intrinsic properties of tdTomatopositive interneurons within the PrL from Ctrl and TrkB cKO mice (Figure 2A ). Due to the heterogeneity of GABAergic interneurons, we restricted our analysis to FS tdTomato-positive interneurons, which play important modulatory roles in cortical microcircuits ( Figure 2B ) (Cunningham et al., 2004; Galarreta and Hestrin, 1999; Hu et al., 2014; Kawaguchi et al., 1987) . Retrospective immunostaining showed that FS interneurons that we recorded were indeed positive for PV immunostaining ( Figure 2B ). Interestingly, upon a series of current injection, we found that tdTomato-positive, FS-interneurons of TrkB cKO mice exhibited functional differences: FS interneurons from TrkB cKO mice showed increased spike frequency adaptation (Two-way ANOVA, Interaction: F (6,126) = 2.927, p = 0.0105; Main effect of inter-spike interval: F (6,126) = 47.30, P < 0.0001; Main effect of genotype: F (1,21) = 5.079, p = 0.0350) ( Figure 2C and 2D) with wider action potential half width (Ctrl: 0.423 ± 0.017 ms; TrkB cKO: 0.504 ± 0.019 ms; p = 0.0056) and longer membrane time constants (Ctrl: 6.927 ± 0.3190 ms; TrkB cKO 10.58 ± 0.5877ms; p < 0.0001)( Figure 2E and 2F ). In addition, other intrinsic properties of FS interneurons were significantly different in TrkB cKO mice, including the input resistance, action potential amplitude and action potential threshold, without significant change in the resting membrane potential (Supplemental Figure 2A -2F). Given that FS interneurons display a unique set of electrophysiological properties upon developmental maturation (Goldberg et al., 2011; Okaty et al., 2009) , our data suggest that FS interneurons of TrkB cKO exhibited electrophysiological parameters of immaturity.
Previously, it has been shown that immature inhibitory neuron function and synapse formation may affect spontaneous synaptic activities of nearby pyramidal neurons within the same microcircuits due to impaired network inhibition (Yuan et al., 2015; Zheng et al., 2011) . In the mPFC, top-down information is transmitted via pathways from layer 2/3 pyramidal neurons to pyramidal neurons in layer 5, which is a major corticofugal output layer of the PFC network (Molyneaux et al., 2007) . Therefore, we measured the spontaneous excitatory postsynaptic currents (sEPSCs) of layer 5 (L5) pyramidal neurons in PrL of Ctrl and TrkB cKO mice ( Figure 3A) . Intriguingly, we observed an increase in the frequency of sEPSCs (Ctrl: 4.33 ± 0.51 Hz; TrkB cKO: 7.43 ± 1.34 Hz; p = 0.038), but not in the amplitudes (Ctrl: 18.31 ± 0.63 pA, TrkB cKO: 18.60 ± 0.80 pA; p =0.78)( Figure 3A-3C ), suggesting increased spontaneous excitatory synaptic transmission in TrkB cKO cortex. We also measured spontaneous miniature inhibitory postsynaptic currents (mIPSCs), from L5 pyramidal neurons of Ctrl and TrkB cKO mice. Intriguingly, we observed a significant reduction in the frequency of mIPSCs (Ctrl: 16.37 ± 1.68 Hz; TrkB cKO: 11.57 ± 1.11 Hz, p = 0.029), with no change in the amplitude (Ctrl: 37.05 ± 2.71 pA; TrkB cKO: 34.20 ± pA, p = 0.48) ( Figure 3D-3F 
Role of BDNF/TrkB signaling in mPFC in regulation of social dominance
Previous studies have directly shown that mPFC microcircuits play important role for social dominance and aggression behavior in animals. For example, neurons within mPFC are directly activated by social contact (Avale et al., 2011) and mPFC lesions can trigger aggressive behaviors in both rat and humans (de Bruin et al., 1983; Grafman et al., 1996) . More recently, bidirectional modulation of the E/I balance in mPFC modulates social rank in mice (Wang et al., 2011) . However, the underlying molecular mechanisms of mPFC mediated social dominance and aggressive behaviors have not been identified.
Interestingly, reduced BDNF level and its signaling in the brain has been linked to aggressive and dominant behavior. The BDNF Val66Met (BDNF Met ) polymorphism, which leads to reduced activity-dependent BDNF secretion in the brain (Egan et al., 2003) , is associated with aggressive behaviors in humans (Kretschmer et al., 2014; Spalletta et al., 2010) . In animals, BDNF +/-, Nestin-Cre::BDNF F/F , CaMKII-Cre::BDNF F/F , KA1-Cre::BDNF F/F and BDNF Met/Met male mice all showed enhanced aggression (Chan et al., 2006; Chen et al., 2006; Ito et al., 2011; Lyons et al., 1999) .
While these studies indicated strong association between attenuated BDNF level in the brain and aggressive animal behavior, the presence of other confounding behavioral phenotypes (e.g. depression-and anxiety-like behaviors) as well as the requirement for BDNF signaling in multiple subtypes of neurons (glutamatergic, GABAergic, cholinergic, and serotonergic neurons) (Gorski et al., 2003; Huang et al., 1999; Lyons et al., 1999; Morse et al., 1993) made it difficult to pinpoint which neuronal subtypes were linked to BDNF dependent, aggressive behavior.
Intriguingly, our TrkB cKO mice, in which BDNF-TrkB signaling were attenuated postnatally only in corticolimbic GABAergic interneurons exhibit social dominance aggression, without affecting other types of aggressive behaviors ( Figure 1D-H) (Miczek et al., 2001) . More interestingly, singly housed TrkB cKO did not show social dominance, indicating that TrkB cKO were not intrinsically aggressive and that social experience was necessary ( Figure 1I ). These findings are concurrent with the notion that the social dominance aggression could be dissociated from other forms of aggressive behaviors (Francis, 1988) . In support for this, paradise fish that were selectively bred for social dominance do not show enhanced aggression towards unfamiliar opponents (Francis, 1984) . In mice, aggression on the resident intruder test was also not statistically correlated with social dominance hierarchy ranks (Benton et al., 1980) . Although exact underlying mechanism of social dominance aggression in TrkB cKO is still unclear, TrkB cKO mice may have trouble in recognizing their social status in group housed settings, thereby showing increased dominant behaviors. Interestingly, mice reared in communal nests, which increase cortical and hippocampal BDNF levels, adopted social status quicker than control mice raised in single nests (Branchi et al., 2013; . In addition, these mice showed higher levels of post-fight reconciliatory behaviors, indicating potential role of BDNF modulation in the development or stabilization of social cognition in mice. It will be exciting to test whether TrkB cKO mice are more susceptible to developing problems in navigating social hierarchies upon environment manipulations that can alter BDNF level in the brain (Berton et al., 2006; Roceri et al., 2004; .
Role of BDNF/TrkB signaling in development and maturation of GABAergic interneurons and network E/I balance in the local cortical neuronal network.
Genetic ablation of TrkB in early postnatal interneurons resulted in multiple aberrant changes in the intrinsic properties of fast-spiking interneurons (Figure 2) , which prevented them from responding accurately to incoming synaptic inputs (Jonas et al., 2004; Kawaguchi, 1995) . We cannot rule out the possibility that other classes of interneurons were also affected in our TrkB cKO mice, but we did not include analyses of these non-FS interneurons due to their low numbers and heterogeneity (Cauli et al., 2000) .
TrkB cKO interneurons exhibited reduced neurite arborisation ( Figure 3G-I) , which could result in the reduced synaptic integration of these interneurons into the local microcircuits. Concurrently, we observed reduced inhibitory mIPSCs frequencies from pyramidal neurons in the same local circuits as well as enhanced excitatory spontaneous synaptic transmission that could trigger network hyperactivity in the local microcircuits ( Figure 3G) (Yizhar et al., 2011; Zheng et al., 2011) . Further studies using in vivo calcium imaging and multielectrode recordings will help us to delineate network level changes in TrkB cKO during their social aggressive behaviors Packer et al., 2014) .
Intriguingly, our results are slightly different from a previous study that reported an increase in the amplitude, but not the frequency, of miniature EPSCs in naturally dominant mice compared to their submissive cage mates (Wang et al., 2011) . Compared to our genetic manipulation, the underlying mechanism of social dominance in animals of 
Materials and Methods
Additional description of Experimental Procedures is found in the Supplemental
Experimental Procedures.
Husbandry and animals
Ppp1r2-Cre mice were obtained from Dr. Kazu Nakazawa (Belforte et al., 2010) and
TrkB F/F mice were obtained from Dr. Luis Parada (Luikart et al., 2003) . Ppp1r2-Cre::RTM F/F ::TrkB WT/WT mice were obtained by breeding RTM F/F male (from Jackson Laboratories, (Madisen et al., 2009) with Ppp1r2-Cre females. To obtain Ppp1r2-Cre::TrkB F/F mice, Ppp1r2-Cre males were bred to TrkB F/F females. Animals were housed in a specific pathogen-free facility maintained below 22 °C, 55% humidity, with food and water provided ad libitum, on a 12-hr light cycle (lights on at 0700 h). With the exception of tube-test for social dominance, adult males (8-20 weeks) were singledhoused for the other behavioral tests. All procedures to maintain and use these mice were approved by the Institutional Animal Care and Use Committee for Duke-National University of Singapore Medical School (IACUC #2010/SHS/590 and #2014/SHS/999).
Double Fluorescence In-situ Hybridization
In situ hybridization was performed using RNA probes targeting the TrkB kinase domain (Besusso et al., 2013) and tdTomato (Allen Mouse Brain Atlas probes, Riboprobe ID: RP_099999_01_A05, (Lein et al., 2006) ). The in situ hybridization procedure can be found in the Supplemental Experimental Procedures.
Resident Intruder Test
For the resident intruder test, mice were single-housed for at least 1 week before testing to establish territoriality. A wild-type C57/BL6 "intruder" (weighing at least 10% less than the resident and group-housed before the test) was introduced to the resident's home cage for a total duration of 10 minutes. The bouts of attack by the resident, as well as the duration of attacks, were recorded.
Tube Test
For the social dominance tube-test, one TrkB cKO mouse and 3 Ctrl mice were group housed for 2 weeks before testing. The tube test apparatus consisted of a 30cm long transparent acrylic tube with an inner diameter of 28mm, a size just permissible for one adult mice to pass through without reversing direction. Mice were first trained to run through the tube from alternating ends without reinforcement. During the test trial, two mice from the same cage were introduced into either entrance of the tube, where both mice would meet at the center of the tube. The trial was terminated when either mouse was pushed out, or left the tube voluntarily, or if both mice still remained after two minutes. A win/draw/loss was assigned to each mouse for each possible unique pairing (6 pairings for a group of 4 mice) and the mice were ranked overall based on the number of winning bouts after 6 repeated sessions over two weeks. For single-housed social dominance tube test 10 TrkB cKO and 10 Ctrl mice were single-housed for at least 1 week before testing. Each mouse was weighed and both groups were equally divided by weight into lightweight and heavyweight category. Within each category, TrkB cKO and Ctrl mice were paired against each other. Thus, each mouse faced 5 separate opponents.
A win was assigned a value of two, a draw was assigned a value of one and a loss was assigned a value of zero and the win-loss ratio for each mouse was tallied.
Agonistic Behavior Assay
For the agonistic behavioral assay, one TrkB cKO mouse and one Ctrl mouse were paired-housed for two weeks. After that, they were switched over to a new cage and their interactions were videotaped. In the majority of cages there was a clear dominantsubordinate pattern, with one mouse chasing and attacking the other mouse. The duration of attacks by both mice were recorded.
Slice electrophysiology
Slices containing mPFC were prepared from 13-to 18 week-old C57/BL6 male mice and acute slice recording was performed as previously described (Yuan et al., 2015) . 
Stereotaxic surgery
Stereotaxic surgery, virus injections and fiber-optic implants was performed on 3-4 months old TrkB cKO or Ctrl mice as previous described (Rossi et al., 2012) . Injection coordinates for the PrL were +2.0mm AP, ± 0.8mm ML and -1.8mm DV (at a 15°angle). 0.5ul of either AAV5-CaMKIIa-eArch3.0-EYFP or AAV5-CAMKIIa-EGFP virus (~2.5x10 12 infectious units/ml; University of North Carolina Vector Core) was infused into the site at 100nl/min. Mice were group-housed and allowed to recover at least 2 weeks before behavioral testing. Additional methods can be found in the Supplementa1 Experimental Procedures.
Optogenetic experiments.
For optogenetic inhibition during behavior, the implants on the custom head caps were connected to a 2m, sheathed fiber patch cord with a ceramic sleeve (Precision Fiber Products). The patch cord was attached to a rotary joint for free movement of the mice (Doric Lenses), which was then connected to a 532nm diode pumped solid state laser (Shanghai Laser & Optics) . The laser was controlled by a custom-made software (MATLAB, MathWorks; LabVIEW, National Instruments). Before stimulation, the output was adjusted using a power meter (PM20, Thorlabs) such that 10mW of illumination was delivered from the fiber optic tip. The tube test with or without optogenetic stimulation was carried out on separate days to minimize carryover effects of test fatigue and optogenetic stimulation.
Statistical Analyses and Graphs
Data were analyzed and plotted using Graphpad Prism (Graphpad Software, San Diego, California, USA) and presented as means ± SEM. Symbols indicate the data for individual subjects. Data was analyzed using either two-tailed paired or unpaired t-test, Integrative Sciences and Engineering Scholarship (to S.T.).
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